ABSTRACT: Polymeric nanoparticles have been investigated as biocompatible and promising nanocarriers to deliver drugs across the blood−brain barrier (BBB). However, most of the polymeric nanoparticles cannot be observed without attaching them with fluorescent dyes. Generally complex synthesis process is required to attach fluorescent dye tracing molecules with drug carrier nanoparticles. In this paper, we synthesized a novel fluorescent polymer based on poly [Triphenylamine-4-vinyl-(Pmethoxy-benzene)] (TEB). This polymeric nanoparticle was prepared from TEB polymer through coprecipitation. Furthermore, three types of ligands, transferrin (TfR), lactoferrin (LfR), and lipoprotein (LRP), were covalently attached on the nanoparticle surface to improve the BBB transport efficiency. All the prepared TEB-based nanoparticles were biocompatible, exhibited excellent fluorescence properties, and could be observed in vivo. The transcellular transportation of these TEB-based nanoparticles across the BBB was evaluated by observing the fluorescent intensity. The translocation study was performed in an in vitro BBB model that were constructed based on mouse cerebral endothelial cells (bEnd.3). The results showed that ligandcoated TEB nanoparticles can be transported across BBB with high efficiencies (up to 29.0%). This is the first time the fluorescent TEB nanoparticles were applied as nanocarriers for transport across the BBB. Such fluorescent polymeric nanoparticles have potential applications in brain imaging or drug delivery.
■ INTRODUCTION
The blood−brain barrier (BBB), which is mainly consisting of brain capillary endothelial cells surrounded by pericytes and astrocytes, is a physical barrier that closely maintains and protects the central nervous system of the brain. Unlike the endothelial cells in other organs of the body, the BBB endothelial cells are connected by extensive tight junctions with polarized plasma membrane domains. This tight junction allows nutrients and metabolites to pass through smoothly but restricts the movement of the microscopic objects and large or hydrophilic molecules into the brain from the blood. Even though the BBB is important for the normal function of the central nervous system, this barrier prevents various drug molecules to pass through it. Therefore, finding an effective way that transports the drug molecules across the BBB to reach the target sites is critical for ensuring an effective treatment.
Many strategies have been developed to enhance drug delivery across the BBB, including tight junction modulation of the BBB, 1−5 drug molecule modification 6 and nanoparticlebased drug delivery methods. 7−10 Methods used for BBB cellular junction modulation, such as chemical stimuli, 1 electromagnetic wave impingement, 2 magnetic nanoparticle transportation, and microbubble-assisted focused ultrasound, 3−5 can cause deformation, restructuring or apoptosis of junction proteins, which would potentially endanger the central nervous system. 4, 11 For the drug molecule modification, only limited types of small drug molecules can be altered through lipophilic treatments for BBB penetration. 6 Unfortunately, most of the drugs with large molecules cannot be modified. Thus, the scope of tight junction modulation and/or drug molecule modification are very limited for effective drug delivery through the BBB systems. On the other hand, nanoparticle-based drug delivery methods are widely used because they do not cause damages in the BBB structure and are easy to implement through size/charge optimization and surface modification. 12−15 Several types of nanoparticles, such as biological nanoparticles, 16 −24 magnetic nanoparticles, [3] [4] [5] 25 noble metal nanoparticles, 26−31 silica nanoparticles, 32−35 and polymer nanoparticles, 36−43 have been developed for delivering drug across BBB. Over the past decade, polymeric nanoparticles have attracted great attention as effective carriers for delivering targeted drug molecules to brain because they exhibit excellent biocompatibility, good encapsulation and attractive biodegradability. 44, 45 Among various polymeric nanoparticles, poly lactic-co-glycolic acid (PLGA)-based nanoparticle is the most popular one because of its history of safe use in pharmaceutical industry. For example, Tosi's group used g7 ligand modified PLGA nanoparticles to deliver curcumin into the brain for treatment of Alzheimer's disease (AD). 46 Wang's group developed a new interleukin-6 receptormediated PEG−PLGA system for cascade-targeting doxorubicin (DOX) delivery to glioma. 47 However, like these PLGA nanoparticles, currently developed polymeric nanoparticles usually do not have the capability of emitting signals, thus, it is very difficult to (in vivo) observe these nanoparticles directly. 38−43 Recently, Wang's group decorated 1-pyrenecarboxyaldehyde (Pyr) fluorophore onto polymeric nanoparticle for the test strips-based fluorimetric analysis of curcumin and Fe 3+ ions. 48, 49 To study their transcellular transportation, we need to decorate the polymeric nanoparticles with various tracing molecules, such as fluorescent dye molecules, which not only complicate the synthesis process but also change the desired property of the original nanoparticles. Therefore, a novel type of nanoparticles that possesses fluorescence properties and can be used as drug carriers will advance the use of nanoparticles for medical and biological applications.
In this paper, we synthesized a fluorescent polymer, poly [Triphenylamine-4-vinyl-(P-methoxy-benzene)] (TEB) for polymeric nanoparticles. To enhance BBB penetration of nanoparticles, researchers have developed various ligands to conjugate on their surface for receptor-mediated transcytosis (RMT). Among a growing list of ligands, transferrin (TfR), lactoferrin (LfR), and lipoprotein (LRP) have been widely used as receptors in RMT to improve the transcytosis across the BBB. 33,50−53 To achieve RMT ( Figure 1 ) that allows noninvasive and selective delivery of nanoparticle across BBB, we covalently decorated the TEB nanoparticles with these three types of ligands: TfR, LfR, and LRP. All of the prepared TEB-based nanoparticles exhibited excellent fluorescence properties and can be observed in vivo. The transport efficiencies across BBB of different types of TEB-based nanoparticles were investigated. The results showed that ligand-linked TEB nanoparticles could be transported across BBB with high efficiencies. Wittig−Horner reaction. The specific synthesis process is described below.
ACS Applied Bio Materials
Synthesis of 4,4′-diformyl-triphenylamine (Intermediate1). Twenty-three milliliters of water-free N,N-dimethylformamide was added into a three-necked flask that was placed in an ice bath with magnetic stirring. In a nitrogen atmosphere, 25 mL of POCl 3 was then dropwise added into N,N-dimethylformamide using a constant pressure dropping funnel. When the mixture became a brownish yellow viscous liquid (after about 1 h), 5 g of triphenylamine was put into it and the three-necked flask was moved to an oil bath, and the temperature of the bath was slowly raised to 90°C. After 4 h, the dark brown reactant was obtained. The reactant was then quickly poured into 500 mL of ice slurry and it was mechanically stirred for 1 h. The prepared product was then fully hydrolyzed, followed by adjusting the pH value of the solution to neutral with NaOH solution (1 mol/L). Subsequently, the solution was extracted with dichloromethane and vacuum filtered. The resulting residue was redissolved into dichloromethane. The organic phase was washed alternately with saturated sodium chloride solution and water. The extract of dichloromethane was treated overnight with anhydrous magnesium sulfate. Finally, the crude product was obtained by vacuum filtering and rotating evaporation. The obtained product was observed using a point plate, and the blue spot was the target product. Using petroleum ether and ethyl acetate (v:v = 2:1) as the developing agent and eluent for silica gel column chromatography, the desired Intermediate1 was obtained with a yield of 80%. , 1495 cm
Synthesis of 2,5-di(Ethoxyphosphorylene)-1,4-dimethoxybenzene (Phospholipid) (Intermediate2). 50 mL of 1,4-dioxane, 10 g of 1,4-dimethoxybenzene and 10 mL of concentrated hydrochloric acid were added into a 250 mL three-necked flask, and then the temperature was slowly increased to 60°C. Throughout the course of the reaction, HCl gas was continuously bubbled, while the exhaust gas was treated with NaOH solution. Then 10 mL of formaldehyde solution was added in three portions and the solution kept stirring for 3 h. Finally, the reaction system was added into 10 mL of concentrated hydrochloric acid and formaldehyde, respectively. After stirring for 1 h, the resulting solution was cooled down to room temperature. The obtained solid, after suction filtration, was recrystallized from acetone to gain a white reaction intermediate. In a nitrogen atmosphere, 4 g of the above intermediate and 20 mL of triethyl phosphite were put into a 100 mL three-necked flask and heated to 90°C with stirring at reflux for 1 day. After cooling to room temperature, a white precipitate was obtained. Then it was filtered off with suction to get the crude product which was extracted with trichloromethane and dried with anhydrous MgSO 4 . After filtering, distillating and washing withn-hexane, Intermediate2 was obtained with a yield of 75%. The melting point (Mp) of Intermediate2 was 115°C. 1 Synthesis of the conjugated Poly[triphenylamine-4-vinyl-(P-methoxy-benzene)] (TEB polymer). Under a nitrogen atmosphere, 2.0 mM of Intermediate2 (0. 88 g) and 10 mL of water-free THF were mixed and stirred in an ice bath at 0°C for 30 min. THF solution containing potassium tertbutoxide (1.3 g) was then added to the above mixture. After stirring for 20 min, the 2.0 mM of Intermediate1 (0.6 g) was added into the reaction system. Subsequently, this mixture was stirred under the protection of nitrogen for 48 h. Finally, vacuum filtering was used to remove the solvent. The residue was then dissolved in dichloromethane and washed with methyl alcohol for three times. The obtained yellow powder was the TEB polymer, with a yield of 50.4%. 1 
Preparation of TEB-Based Nanoparticles. TEB nanoparticle (TEB-NP) was prepared through the coprecipitation of the TEB polymer. The synthesized TEB powder was first dissolved into THF (1 mg/mL). 50 μL of such solution were then added into 15 mL H 2 O/THF solution (V H2O :V THF = 2:1), followed by sonication for 15 min. Subsequently, nitrogen gas was bubbled through the obtained solution to remove THF and H 2 O. As the THF and H 2 O evaporated, the polymer molecules began to agglomerate to form nanoparticles. When the solution was reduced to 5 mL volume, it was considered that all polymer molecules were consumed and the polymeric nanoparticle solution (10 ug/mL) was obtained. To link different ligands on the nanoparticles, we first modified the nanoparticle surfaces with COOH group (TEB-NP-COOH). For the synthesis of TEB-NP-COOH, 50 μL of TEB/THF (1 mg/mL) was mixed with 20 μL poly(styrene-co-maleic anhydride)(PSMA)/THF (1 mg/mL), and then was added into 15 mL H 2 O/THF solution (V H2O :V THF = 2:1). By following the subsequent procedures described above, TEB-NP-COOH solution (10 ug/mL) was obtained.
Three types of ligands, transferrin (TfR), lactoferrin (LfR), and lipoprotein (LRP), were covalently attached to TEB-NP-COOH to form three different nanoparticles (Figure 3) . To link the ligands on the nanoparticles, the nanoparticle surfaces need to be activated first. One milliliter of the as-prepared TEB-NP-COOH solution (10 ug/ mL) was mixed 30 μL of 1-(3-(Dimethylamino)propyl)-3-ethylcarbodiimide hydrochloride (EDC, 5 mg/mL) and incubated for 2 h. Subsequently, 20 μL of 1-hydroxypyrrolidine-2,5-dione (NHS, 5 mg/ mL) was added and incubated for 30 min. After the surface activation, 40 μL of each ligand solution (TfR, LfR, LRP, 1 mg/mL) was mixed with the nanoparticle solution, respectively. These mixed solutions were stirred for 24 h. Finally, the ligand-linked nanoparticles, TEB-NP-TfR, TEB-NP-LfR, and TEB-NP-LRP, were obtained.
Characterization of TEB-Based Nanoparticles. Philips CM200 UT (Field Emission Instruments, USA) were used to obtain transmission electron microscopy (TEM) images. The ultraviolet− visible (UV−vis) absorption spectra were achieved using a Genesys 10s Bio UV/Visible Spectrophotometer (Thermo Scientific, USA). Zeta potentials of the prepared nanoparticles were measured on a Malvern Zetasizer Nano ZS90 (Malvern Instruments Ltd., UK). Fluorescence spectrum analysis of the nanoparticles were performed using a FluoroMax 4 spectorfluorometer (Horiba, Japan).
Evaluation of the Biocompatibility of the TEB-Based Systems. The in vitro cytotoxicity of all synthesized nanoparticles (TEB-NP, TEB-NP-COOH, TEB-NP-TfR, TEB-NP-LfR and TEB-NP-LRP) against mouse cerebral endothelial cells (bEnd.3) was measured using a standard 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-trazolium (MTT) method. The bEnd.3 cells were planted in a 96-well plate (1 × 10 5 cells per well). After 24 h incubation, the bEnd.3 cells were treated with DMEM medium containing different concentrations of polymer nanoparticles, followed by incubation for 1 day. Then 10 μL of MTT solution (Fisher, 5.0 mg mL −1 in PBS) were added into each well containing fresh culture medium. After incubating for another 4 h, 100 μL of dimethyl sulfoxide (DMSO) was added into each well. Finally, a Synergy H1 microplate reader (BioTeK, Winooski, VT) was used to read the optical density of each sample (540 nm wavelength). The relative cell viability (%) was calculated by (A test /A control ) × 100% and the experiments were repeated three times. Construction of in Vitro BBB Model. Our in vitro BBB model was constructed based on mice endothelial cells (bEnd.3 cell) since the vascular structures in humans and mice are remarkably similar at a physiological level. The bEnd.3 cells were planted on the microporous membranes (0.4 μm) of transwell inserts (1 × 10 5 cells/well), which were placed into a 6-well plate. Next, 2.00 and 2.75 mL of DMEM medium were added to the apical side and the basolateral side of each transwell, respectively. The cells were cultured in a humidified incubator (37°C, 5% CO 2 ) and the DMEM medium were refreshed every 24 h. After culturing for 12 days, the BBB model was formed.
Evaluation of the in Vitro BBB Model Function. The integrity of the formed BBB model was determined by measuring the transendothelial electrical resistance (TEER) of the barrier using an EVOM voltmeter (10 μA current at 12.5 Hz). The measurement was performed by placing the detecting electrodes at the basolateral side and the apical side of the transwell and recording the resistance upon an applied potential. The TEER value of the barrier layer was calculated by the following eq 1.
where R t is the measured resistance of the cell culture membrane and R b is the resistance of the fresh polycarbonate membrane of the transwell insert without cell culture; A is the area of the transwell insert membrane. Determination of the BBB Transport Efficiency of the TEBBased Nanoparticles. Because TEB-based nanoparticles are fluorescent themselves, their BBB transport efficiency can be determined by directly measuring the fluorescence intensities of the particles in the medium at the two sides of the BBB. We investigated the BBB transport efficiencies of 5 types of the TEB-based nanoparticles: TEB-NP, TEB-NP-COOH, TEB-NP-TfR, TEB-NPLfR, and TEB-NP-LRP. For each type of nanoparticles, the fluorescence intensity of TEB-based nanoparticles is linearly related with the concentration of TEB-based nanoparticles. Therefore, the BBB transport efficiency was evaluated by directly measuring the fluorescence intensity changes at the apical and basolateral side in the BBB model. For each type of the TEB-based nanoparticles, the fluorescent intensity of the nanoparticles was first recorded for a concentration of 0.5 μg/mL. The nanoparticles were then added into the apical side of the BBB model. In the fluorescent analysis, the pure DMEM medium without nanoparticles was used as the blank. After 12 h incubation, the medium in the basolateral side was gathered and its fluorescent intensity was measured.
The transport efficiency of TEB-based nanoparticles across the BBB model was then calculated using the following equation:
where I b and I t are the fluorescence intensity of the collected basolateral medium after the TEB-based nanoparticles are incubated in the BBB model for 12 h and the medium with original concentration of the nanoparticles (0.5 μg/mL) at the apical side, respectively. I c is the fluorescent intensity of blank DMEM medium without any nanoparticle.
■ RESULTS AND DISCUSSION
Characterization of TEB-Based Systems. All of the synthesized nanoparticles, TEB-NP, TEB-NP-COOH and ligand-linked TEB nanoparticles, were highly stable in water without any agglomeration ( Figure 4C ). Figure 4(A, B) present the TEM images of TEB-NP and TEB-NP-COOH, respectively, which reveal that both types of the nanoparticles were roughly spherical in shape with average diameters of 25 nm. The results show that carboxyl functional modification does not alter the particle size and morphology of the polymer nanoparticles. Many studies have investigated the effect of the nanoparticle size on the BBB transport efficiency. Some of the results indicated that an increase in the particle size resulted in a decrease in the permeation efficiency of the nanoparticle across the BBB. 54 The 25 nm nanoparticles had maximum transport efficiency to cross the BBB. 33, 54, 55 Therefore, the prepared TEB-based nanoparticles with such size were favorable for transportation across the BBB.
Since TEB is a type of fluorescent polymer, the TEB-based nanoparticles exhibit excellent fluorescent properties. All of the TEB-based nanoparticles emitted green luminescence when excited under 365 nm ultraviolet light ( Figure 4D ). The UV− vis spectra of the TEB-based nanoparticles in aqueous solutions were presented in Figure 4F . For all of the TEBbased nanoparticles, the absorption peaks were centered at approximately 435 nm, which could be identified as the characteristic absorption peak of the TEB polymeric nanoparticle. The surface decoration of the nanoparticles does not affect the absorption wavelength of the nanoparticles. Figure  4E shows the fluorescent emission spectra of different types of the TEB-based nanoparticles under 435 nm excitation wavelength. The emission peak wavelengths of different TEB-based nanoparticles were found to be constant at 515 nm. The TEB-NP exhibited highest emission intensity compared with other types of TEB-nanoparticles. After modified with COOH group or different ligands, the fluorescent intensities of the nanoparticles decreased. For TEB-NP-TfR, the fluorescent intensity reduced almost 50% compared with TEB-NP.
The zeta potentials of the prepared nanoparticles varied based on their surface modifications. TEB-NP possessed a negative zeta potential of −52.6 mV ( Figure 5A ). TEB-NP-COOH showed an even more negative zeta potential (−56.3 mV) due to the carboxylic group. On the other hand, attaching different ligands on the nanoparticles significantly increased the zeta potentials. Compared to the TEB-NP, the zeta potentials for ligand-linked TEB nanoparticles are much more close to neutral potential, which is favorable for the nanoparticles penetrating through the BBB membrane. [6] [7] [8] 56 Biocompatibility of TEB-Based Nanoparticles. The cytotoxicity of the TEB-based nanoparticles was evaluated by the standard MTT assay 57, 58 with bEnd.3 cells. As shown in Figure 5B , when concentrations up to 800 ng mL −1 , TEB-NP and TEB-NP-COOH nanoparticles showed no obvious effect on cell viability. For ligand modified TEB-based nanoparticles (TEB-NP-TfR, TEB-NP-LfR, and TEB-NP-LRP), more than 90% of the cells survived after 24 h incubation at concentrations ranging from 50 to 800 ng mL . These results indicated that TEB-based nanoparticles have low cytotoxicity and therefore could be used to develop safe nanoprobes/ nanocarriers for biological and medical applications.
Structure Integrity of BBB Model. The trans-endothelial electrical resistance (TEER) value is an important parameter to assess the integrity of the BBB model and its barrier properties. The formation of the tight junctions between neighboring endothelial cell results in an extremely high electric resistance, which could reach up to 200 Ω cm 2 within 8−12 days of cell culturing. 33, 59 The TEER value is directly correlated with the permeability of BBB for transportation of extracellular molecule. 60 As shown in Figure 5C , the measured TEER value across the transwell insert membrane increased with the increase in the incubation time, indicating the continuous formation of the tight junctions between endothelial cells. A TEER value of 233 Ω cm 2 was obtained after 12 days of incubation, which showed that an in vitro BBB model was constructed and could be applied to investigate the transportation of the prepared nanoparticles.
Receptor With the assistance of the ligands, the TEB-based nanoparticles penetrate across BBB through transcytosis. Figure 6 represents the transportation efficiencies across BBB for all prepared nanoparticles. Without any surface modification, the pure TEB-NP shows a BBB transportation efficiency of about 9.2%. The endothelial cell membrane has a lipid-based bilayer membrane structure, which allows the lipophilic substances to pass easily. Therefore, a high liposolubility of nanoparticles is beneficial for their ability to penetrate across the BBB. The TEB-based nanoparticles have lipophilic surfaces that are favorable for penetrating the BBB. However, the high electronegativity of TEB-NP limited its transport efficiency. Similarly, the transportation efficiency of TEB-NP-COOH was further reduced to 7.5% since the surface modification of the carboxyl group increased the electronegativity of the nanoparticles. On the other hand, the transportation efficiencies of TEB-NP-TfR, TEB-NP-LRP and TEB-NP-LfR were 28.0%, 25.7%, and 29.0%, respectively. The significant improvement of the BBB transportation efficiencies for ligand-linked nanoparticles can be attributed to two factors. First, the relatively low zeta potentials of the ligand-modified nanoparticles allow them to pass through the BBB membrane easily. Second, the attached ligands act as anchoring target for receptors that improve the selectivity and affinity of the nanoparticles toward the endothelial cells, resulting in better uptake and penetration rates. By attaching with proper ligands, TEB-based polymeric nanoparticles can effectively transport across BBB through receptor-mediated transcytosis.
■ CONCLUSION
In summary, a fluorescent polymer, TEB, was successfully synthesized. TEB-based nanoparticles were prepared based on coprecipitation of TEB molecules. Three types of ligand-linked TEB-based nanoparticles, TEB-NP-TfR, TEB-NP-LfR, and TEB-NP-LRP were prepared by covalently attaching TfR, LfR, and LRP on the carboxyl-functionalized TEB nanoparticles, respectively. Characterization showed that TEB-based nanoparticles exhibited excellent fluorescent properties, and the fluorescent intensities of TEB-based nanoparticles linearly increased with their concentrations. Thus, the transcellular transportation of these nanoparticles can be in vivo analyzed using fluorescence imaging. In this study, an in vitro BBB model was constructed by culturing mouse cerebral endothelial cells (bEnd.3) on transwell inserts. The transport efficiencies across BBB for different types of TEB-based nanoparticles were investigated. The results showed that ligand-linked TEB nanoparticles transport across BBB through receptor-mediated transcytosis, and high transport efficiencies (up to 29.0%) were achieved for LfR receptors. The TEB-based fluorescent nanoparticles developed in this work are easy to observe, which have great potential for applications, such as drug delivery, brain-imaging, brain disease diagnosis, and treatment. Author Contributions † Q.L. and X.C. contributed equally to this work.
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